The adhesion, of a coating to the underlying substrate, in terms of critical load (using scratch test) is complex and is a function of many parameters such as coating thickness, interfacial stress, coefficient of friction, intermixing, hardness, structural parameters, etc. The present study examines the relationship of critical load to other properties such as film thickness, compressive stress, coefficient of friction, etc. of diamond-like carbon coatings prepared under floating condition (no substrate bias), on silicon substrates. The results show that the compressive stress increases with increasing thickness. However, the adhesive strength in terms of critical load increases with increasing the film thickness up to a certain value and then it decreases. The decrease in critical load with thickness of the films is due to the dominant effect of compressive stress.
Introduction
In general the compressive stress in the Diamond-like Carbon (DLC) films are significant, and is of the order of 2-10GPa. The high compressive stress limits the thickness of the film [1] . It also affects the adhesion of the coating. The adhesive strength of the thin hard films on silicon substrates is difficult to quantify accurately. However, scratch test is commonly used to measure the critical load, which is related to the coating adhesion. This study aims to develop a model for critical load, in terms of other experimental parameters such as coating thickness, stress, coefficient of friction, etc. through intense analysis of the structural and tribological characterisations as well as the compressive stress and adhesive strength of the DLC films that are prepared by the FCVA deposition technique.
Experimental Details

Preparation ofDLC Film
The p ++ silicon substrates used were cleansed with de-ionized water (ultrasonic cleaning) for 10 minutes and blown dried with a static neutralizing blow off gun. The samples were then marked on the surface with a marker for the purpose of film thickness measurement and placed in the deposition chamber of the FCVA system. The chamber was then evacuated to a base pressure of about 5*10" 4 Pa. Prior to deposition, argon ions were used to sputter clean the native oxide layer on the substrate surface except for the small area, where the line is drawn, which is covered by a metal plate. A pure graphite disk (99.999 %) is used as the cathode. Striking the cathode produces arc and carbon plasma is produced. The system incorporates an off-plane double-bend filter to effectively remove macro-particles [2] , The substrate holder was at floating potential and the films were deposited with the marked line now exposed for the purpose of film thickness measurement. The deposition rate was maintained at approximately 12 nm/min.
Characterization Methods
The film thickness and the compressive stress of the films were measured by using a Surface Profilometer. Prior to deposition, the samples had been evaluated at three different points on the substrates to obtain the values of the radii of curvature of the bare substrates and the nature of the surface (concave or convex) of the samples. The samples after deposition were also evaluated at the same reference points. In order to obtain the thickness of the film, the marker lines were erased with alcohol and the surface profiler was used to scan across the boundary of the coated and uncoated surfaces of the unetched portion of the silicon wafer. The stress in the thin film is then calculated using Stoney's equation [2] .
Semi-quantitative approaches of measuring the adhesion of thin hard coatings were achieved by using a commercially available Micro Scratch Tester. Here, a diamond indenter is drawn across the coated surface under a progressive load. The load at which the spalling of the coating occurs is defined as the Critical Load (LC), and is proportional to the adhesive strength of the film on the substrate. The scratch lines were indented at different direction/angle on the samples in order to compensate the effect of substrate orientation.
The microstructure of the films was carried out by using a Renishaw UV Ramanscope system. In order to avoid any structural damage caused by the UV laser, the samples were rotated during the measurement. A commercially available pin-on-disk tribometer has been used to study the frictional characterizations of the ta-C films. In order to investigate the effect of film thickness on the coefficient of friction, the tests were carried out with a constant load of IN and with a constant linear speed of 3cm/sec, in ambient air (RH: 50%, temperature 23°C), with sapphire counter-face.
Experimental Results
Compressive Stress in the Film
The large compressive stress known to develop in DLC films during their growth is believed to be due to the so-called growth-induced stresses produced by the coating condensation process [3] . The compressive stress influences the coating characteristics, such as adhesive strength, micro-hardness, sliding life of coating, etc. In the present study, the compressive stress of the film as a function of film thickness is calculated by Stoney's equation. The compressive stress reached the highest value of about 10 GPa at a film thickness of about 190 nm, at which the film is observed to start delaminating.
Adhesive Strength in Terms of Critical Load
The critical load (LC) as a function of thickness is given in 4.5 N, when film thickness increases from 3 nm to as higher loads should be needed for the indenter to break through the thicker film into the substrate, since the amount of sp 3 bonded carbon atoms in the perpendicular direction increases with increasing thickness. These findings are similar to the reported results [4] , where it states similar trends for coatings on stainless steels, tool steels and cemented carbides. Beyond a thickness of ~110 nm, a decreasing trend in the LC can be observed. The downward trend of the LC can be explained by the weakening of the coating structure due to high compressive stress.
-110 nm. This is obviously the case, 
Modelling of Coating Adhesion
The main objective of this study is to develop an empirical relation for critical load in terms of other operating parameters. Here, the modelling is done in two phases. The first phase is to perform a factor analysis to obtain the prime parameters that affect the coating adhesion, followed by regression analysis. The modelling is done with the help of commercial statistical software, SPSS.
Factor Analysis (FA)
The first step in the factor analysis is the computation of the correlation matrix. The two important statistical parameters to be verified are the Kaiser-Meyer-Olkin (KMO) sample adequacy and Bartlett's test of sphericity (must be significant) [5, 6] . Taking the best KMO measure to be close to 1, the obtained KMO measure in this modelling (0.641) is acceptable. Generally KMO value greater than 0.5 is considered adequate for FA. Thus the sample size of this study is proven to be still adequate for factor analysis. The second step in the FA is the extraction of factors from the correlation matrix using Principal Component Analysis (PCA), where linear combinations of the observed variables are formed. The first factor is the combination that accounts for the largest amount of variance in the sample. The second factor accounts for the next largest amount of variance and is uncorrected with the first factor and so on. So it is possible to compute, as many factors as there are variables. However, if more factors are extracted, there is a tendency for the model to be meaningless. Hence it is important to decide on the adequate number of factors that has to be selected. There are three general strategies in common use for guiding the selection of the number of factors. One of the strategies suggests that factors accounting for variance (eigenvalue) greater than one should be included. Another method suggests the use of first 'n' factors that account for 90% of the variance. The third strategy is based on a Scree plot [5] .
These factors often have little physical significance and are difficult to interpret. So a further transformation needs to be performed. The remaining eigenvectors are rotated in space in such a way as to maximise the number of values that are close to unity. The most commonly used orthogonal rotation procedure is varimax method. In the present study, principal components with eigenvalues greater than one were transformed by varimax rotation. The outcome of the factor analysis is given in Table 1 .
The factor analysis of the experimental data identified four Table 1 Factor Analysis Result factors, which accounted for about 88% of the total variance of the data. The first factor, accounting for about 30% of the total variance, is associated with the LC. The variable LC is not shared by the other factors [Note: The variables with loadings greater than 0.75 are included in the factor]. The variables that have very strong interrelationship with the LC are Stress and Thickness (t). Since the remaining factors do not share any relation with the LC, they are excluded from the modelling. Another important point to note down is that, the stress is not an operating parameter. Furthermore, it is highly correlated with thickness. Therefore stress and thickness can be represented by a single variable and it is advisable to use thickness, which is the controlling parameter. In order to investigate a mathematical relation between the two variables (LC and t), a series of Regression analysis and Curve fitting have been performed. The study suggests a quadratic function (R 2 : 0.8) to represent the LC. Consequently an empirical relation is obtained for LC and is given below.
Variables
Critical Load (LC) Stress Thickness (t) Coefficient of Friction UV-G-peak Position UV-G-peak Width UV-T-peak Position In order to verify the accuracy of this function, values of the film thickness are used to compute a set of calculated LC, which is then compared with the experimental values of LC, and is shown in Figure 2 . It can be seen that the quadratic function is a very good fit of the experimental results. However, the curve is observed to be slightly off at both extreme values of thickness. The variation at thinner film might be due to the influence of the substrate. On the other hand, the variation at the thicker film might be caused by the weakening of the film structure, since the film is close to delamination. Therefore, the model of coating adhesion obtained based on factor analysis can be concluded to be a good fit to the actual results with little limitations.
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Discussion
The increasing trend of the LC (Fig. 1) for film thickness of 3 nm to 110 nm can be explained by the need for increased force to break into the thicker coating of the sample. The decreasing trend of LC for film thickness of-110 nm to -190 nm, can be explained by the weakening of the coating structure due to the dominant effect of compressive stress. This is confirmed from the FA results that stress is highly correlated with adhesion. In order to verify the effect of the variation of the sp^-bonded carbon with thickness/LC, the parameters (T-peak position, G-line position, G-line width) from the UV-Raman study were included in the factor analysis. Since, none of the parameters of Raman study were emerged in the factor analysis along with thickness/LC, it suggests that the variation of the sp 3 -bonded carbon with thickness/LC is negligibly small. It has been found from the pin-on-disk tribometer study that the coefficient of friction is almost constant regardless of the thickness of the film, except for the thinnest films (t < 40nm) where the substrate influence on the coefficient of friction is present. As a result, experimental values of coefficient of friction for thin film coatings are not representative of the true tribological characteristic of DLC film. The factor analysis also concludes that the coefficient of friction is almost independent of the thickness, stress and critical load. However, we have observed that the sliding life of the coating depends on thickness, stress and adhesion, which increases with thickness, until the optimum thickness (~ HOnm in this case).
Conclusion
Although it has been established that FCVA deposition produces high quality DLC coatings, several important factors must be considered before the design stage. One of them is the adhesion of a coating, and that can be evaluated in terms of critical load. Therefore critical load is modelled in terms of operating parameters such as thickness based on thorough experimental analysis of the dependence of thickness on compressive stress, adhesion strength, structural and tribological characteristics of DLC coating, to provide further insight into these properties as well as their applications. The study reveals that the optimum range of film thickness is from 40nm -1 lOnm. The films, which are tinner than 40nm are affected by the substrate, and the films that are thicker than 1 lOnm are weakened by the compressive stress.
